The relations between end-diastolic (D) and end-systolic (S) fiber angles (a) and sarcomere lengths (s) have been previously studied at different sites in canine left ventricular myocardium. However, no postulates have been advanced for predicting a and s in successive states of the ejection cycle (D or S) or at different sites in one state when the semimajor (Z) and semiminor (R) axes of the wall surfaces for successive states and the fiber orientations and sarcomere lengths at one site in one state are known. In this study, the myocardial fibers were regarded as the matrix of a myocardial continuum: they are prisoners of the heart wall and must comply with the movements of the wall. Using the same values as in the preceding article, the wall was treated as a nested set of truncated ellipsoidal shells of revolution with shell volumes preserved from D to S. Both confocal and nonconfocal configurations were analyzed. In each shell, the fibers were assumed to follow a "helical" path with a constant advance in each turn about the Z axis (the simplest possible path). The results of this assumption were compatible with previously reported values of a and s measured at various sites in the left ventricular free wall in states D and S. These results suggest a postulate for the heart wall: in the beating heart, each muscle fiber changes direction and length uniquely as the wall changes shape.
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• A precise knowledge of the myocardial fiber structure of the left ventricular wall (1) is important to the physiologist, because it leads to the establishment of laws relating possible fiber motion (2) to the overall motion of the wall. This paper shows that changes in individual left ventricular fiber angle (3) (4) (5) and sarcomere length (5) can be related to the change in the shape of the left ventricular wall throughout the cardiac cycle. There are no statistically significant data supporting the change in fiber angle (4, 5 ) , although there are data supporting the change in sarcomere length (5) . The modeling of left ventricular wall shape rests on the assumptions previously given for a nested set of truncated ellipsoids of revolution (1) . The fibers in left ventricular myocardium can be This research was supported by the Washington State Heart Association, by U. S. Public Health Service Grant 5 P01-HL 13517 from the National Heart and Lung Institute, and by Battelle Institute.
Received May 7, 1973 . Accepted for publication October 10, 1973. likened to those in a wicker basket (Fig. 1) . If a wicker basket made of soft fibers is loaded heavily, the fibers change in two ways: they run more steeply and they stretch out to some extent. Thus, the fibers change their direction and their length. Since they are prisoners of the basket wall, their changes must reflect the changes in the shape of the basket.
The left ventricle of the heart, which is a more sophisticated structure, can be visualized as a nested set of fiber shells (2) (Fig. 2) . On each of these shells, the muscle fiber makes a spiral and adjacent fibers are parallel to each other. Proceeding sequentially from shell to shell, the angle of the spiral changes very gradually (3, 4) (Fig. 3) . A block removed from the full width of the wall and sliced as in Figure 4 reveals that the fiber orientation resembles that of the opened blades of a Japanese fan. On each blade, the fibers follow the line of the blade, but each fiber is randomly tethered to its neighbor within the blade and from blade to blade (Fig. 5) . Thus the whole wall is a tethered fiber matrix. In this tethered network, the fibers are restricted to a lateral sliding or rolling motion (4), and no fiber can act independently. Each is postulated to move as its neighbors allow it to move, because the heart is a single fiber continuum (2) . Beyond the endocardium, the fibers, as trabeculae and papillary muscle elements, are freed of lateral constrains (6) . Elswhere, they are subject to the constraints of the wall (5). If a fiber on one of the many nested shells making up the heart wall is isolated (Fig. 6) Left ventricular wall, modeled as a nested set of fiber shells, with the excised block carved to reveal a fiber orientation like that of blades of an opened Japanese fan.
in length, fenced in with these lines so that its direction and length is demarcated, the fiber orientation is indicated by the fiber angle (a) measured in the plane of the shell from a line of latitude, the sarcomere length (s), the circumferential grid spacing (a), and the longitudinal grid spacing (b). When the shape of the heart changes during the cardiac cycle, as from end-diastole (D) to end-systole (S), both the length and the angle of the fiber segment are postulated to change accordingly (Fig. 7) .
Note that the fiber segment is fenced in by the same gridwork in each state. Since the fiber is constrained, the relative change in a and s can be measured by the relative change in a and b. In comparing state S with state D, observe that changes in a and b are accompanied by distinct, measurable changes in the semiminor (R) and semimajor (Z) axis dimensions of the shell but that the longitudinal location factor of point P, f = z/Z remains constant. Thus, changes in a and s at point P can be predicted by changes in the semiaxis dimensions of the left ventricular wall.
A postulate for the heart wall is implied by this construction: in the beating heart, each muscle fiber changes direction and length uniquely as the wall changes shape. This postulate was tested using previously published canine data.
Methods

EQUATIONS
The relation between the fiber angle, a, and the grid dimensions enclosing it (Fig. 6 ) is
FIGURE S
Opened Japanese fan modeling the tethering of fibers within a blade and between neighboring blades. Fibers are generally parallel to their neighbors.
where the subscript j denotes the latitude (e.g., the longitudinal angle of a line of constant latitude), the subscript i denotes the shell in the fiber continuum between the two wall surfaces, and the subscript L denotes successive end-states (D or S) in the cardiac cycle or a sequence of counting numbers representing shorter time intervals in the cardiac cycle. The sarcomere length is given by S U,L -°i,*,t/cos ajjj,. The new sarcomere length is iD la UiiS ).
In a previous paper of this series (1), the circumferential grid spacing between two lines of longitude at 8 + A0/2 and 6 -A0/2 was given by
and the longitudinal grid spacing between two parallel circles at <j>j 4-A^/ 2 and <^> ; --A<f>j/2. was given bŷ
The ellipsoidal shell eccentricity, e iL , is Assume the value of unity for A6 and A<j> and assume the same length units for Ac, Ad, R, and Z. The fencedin fiber grid dimensions are then related to these grid dimensions as follows:
where SOjj and d<f>j,i are the latitudinal and longitudinal angles of arc, respectively, for the grid. 
Also the new sarcomere length, Sj iH , can be related to the old. ) where the longitudinal location factor, / ; -, is given by
and e iL is given by Eq. 7. This relation applies only to a fixed point in the wall at two instants of the cardiac cycle.
It is possible to relate the fiber angles at two different points on a shell at one instant of the cardiac cycle. To achieve this relation requires a postulate, such as that of Sallin (7), that the fibers follow the simplest possible path on the shell, namely, a "helical" path with a constant advance in each turn about the Z axis. Such a path constitutes a spiral whose radial projection onto a concentric cylinder forms a circular helix of constant pitch. The quantity that characterizes such a fiber, iltj,, is the total angle of wrap of the fiber on the shell about the Z axis from equator to apex. The constant fiber angle on a cylinder of radius R iLl is a n iJt at the equator of the ellipsoid whose semiaxes are R j>£ , and Zj r • its relation to these dimensions is tan (13)
FIGURE 6
Muscle fiber on one of the nested shells that arbitrarily defines a "fiber layer" in the heart wall. 14) where y^tj, is the conical taper (3) found in the relation tan y hiiL = R^ tan d>jlZ iL .
The ratio of Eq. 14 to Eq. 13 gives a^i,^ in terms of
Although the nomenclature is that of the left ventricle, these equations are equally appropriate for other helically wound, tethered fiber structures, if their configuration is retained as part or all of an ellipsoid of revolution at each instant of time.
APPLICATION OF EQUATIONS TO THE ANALYSIS OF DATA
Eq.16 was used with the measured equatorial fiber angle, ao,<,n> associated with semiaxis data R^ and Z (// at L=D or S (2) to give the diastolic fiber angle, a { j D , through the wall at five given latitudes (f = 0.6,'0,5, 0.7, 0.9, and 0.99). Eq. 10 was used with each calculated value of OLJXD a n d the same associated semiaxis data to give a,%s through the wall at the same five given latitudes. No theory is proposed for the diastolic distribution of sarcomere lengths, Sj i D , across the wall of the left ventricle arrested at end-diastole. Eq. 11 was used with a value of s jin measured at the equator (2), which was assumed to be the same (for convenience) for all values of /' (latitudes), to give the systolic sarcomere length, Sjjg, which relates to the calculated fiber angle, a, i L , and the pair of semiaxis dimensions, R ( L and Z iL (L-D or S).
Result's and Discussion
FIBER ANGLES
In Figure 8 , calculated left ventricular fiber angles are seen at three different latitudes as a function of percent wall thickness in representative canine ventricles, modeled as nonconfocally nested, truncated ellipsoids of revolution (1) at enddiastole (A) and end-systole (B). The characteristic sigmoid shape of the curve at the equator (/y = 0.0) steepens, straightens, and then reverses its shape as the apex is approached. Superimposed are data from previously studied T-shaped specimens from the left ventricular free wall (8), the Ttop representing fy = 0.0 and the T-leg representing fj -0.5-0.9. Only the diastolic fiber angles from the T-top and the semiaxis dimensions of the wall in each state were fed into Eqs. 10 and 16 to produce the plots. Note that the sigmoid shape of each T-leg 
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curve shows an increase in steepness and straightness relative to that for the T-top. Furthermore, the diastolic T-leg data closely match the calculated curve (Fig. 8A ) in the latitude given by f -0. 7 . Also note that the T-top fiber angle data in systole differ from the corresponding calculated fiber angles (Fig. 8B, f, = 0.0) by a constant angle. This angle represents a bending of the Z axis (4) which cannot be mimicked by the ellipsoid-of-revolution model (1) . A similar observation applies to the systolic T-leg fiber angles and the calculated fiber angles (Fig. 8B , f, = 0.7) except in the endocardial quartile of the wall. However, these angles are the result of two geometric transformations (Eqs. 10 and 16) which each impose strong geometrical assumptions (1) on the way the fiber angles change. It is indeed remarkable that the calculated and the measured data are as consistent as indicated. These results roughly support not only the imprisoned-fiber concept but also the wall model as a truncated nested set of ellipsoids of revolution. Confocal and nonconfocal wall models do not significantly differ in the fiber angle calculations.
Fiber Angle Changes from End-Diastole to EndSystole.-Although previous studies have generally not succeeded in verifying any significant change in fiber angle between the end-states D and S (4, 5), small changes are shown in the calculated values in Figure 9 for the equator (A) and for a latitude close to the apex (/ ; = 0.9) (B). Observe that the fibers in each shell increase in steepness more in the endocardial half of the wall and move more epicardially relative to wall thickness (to preserve the volume of each shell during contraction). The net effect is to enhance the angle change endocardially and to cancel it epicardially. The calculated change is greater at the equator than it is near the apex. It is interesting to note, however, that the Tleg data nearest to the apex do show a significant fiber angle change, which is atypical (4). These observations suggest that a limitation on the validity of the wall model must be recognized near the apex, perhaps at fa = 0.9. Figure 10 , the calculated fiber angle distribution across the wall is shown for latitudes that asymptotically approach the apex. For f, = 0.99, a calculated curve appears that has no experimental support (4) . It indicates that, in the limit, all apical fiber angles are either +90° or -90°. Gross visual evidence points to the existence of a translucent apical vortex of fibers making an endocardial infundibulum, which is most apparent in ventricles that are in rigor (1) . Since the wall model does not account for this infundibulum, it is clearly invalid at the apex. A more adequate representation of fiber orientation at the apex may be that of an apex diaphragm, similar to the iris diaphragm of a camera or microscope (9) . Since the wall is a tethered fiber matrix which, when "unwound," reveals a surface on which fibers are preferentially torn (3), conceptual ventricular modeling requires that the architectural integrity of a region be recognized. The ellipsoidal shell model, where valid, requires recognition that the shells are not like onion layers that can be peeled apart but are indeed artificial and arbitrary, because the fiber continuum does not envisage any shells. Similarly, an iris diaphragm model of the apex implies recognition that the number of diaphragmatic leaves that are carved out is arbitrary and that the leaves are indeed artificial, because the fiber continuum does not envisage their separateness. Viewed in this way, a better conceptualization of apical structure may be obtained.
Limitations of Wall Model-In
SARCOMERE LENGTHS
In Figure 11 , calculated diastolic left ventricular sarcomere lengths at end-systole are seen as a function of position in the wall at the equator of the representative, nonconfocal ventricle discussed in the preceding section. These values were obtained from three assumed distributions of sarcomere lengths representing end-diastole, which are also shown. In one distribution, sarcomere length was assumed to be constant across the wall at 2.07/u. and 11 mm Hg, based on midwall measurements of the same five left ventricles in state D that were used for fiber angle measurements (2, 10) . The other two distributions were based on measurements across the wall at the quartile points at filling pressures of 6 and 12 mm Hg (11). Also included are four sarcomere length distributions obtained by Hort (5) across the wall for two states of left ventricular distention and two of left ventricular contraction. The overall pattern of the calculated distributions is consonant with the data available. The least predicted movement of sarcomeres during contraction is at the epicardium; the greatest is at 25% of the wall thickness measured from the endocardium. Predicted fiber shortening at midwall and at the endocardium are about the same.
There is some diversity in the shape of the three sarcomere length distributions assumed for the diastolic state. The constant distribution across the wall in state D, based on only one midwall site of measurement, causes the distribution in state S to shorten in a most pronounced way at the first quartile point through the wall. The two distributions of Yoran et al. (11) provide for a less abrupt change in the sarcomere length distribution across the wall. Note that the last two curves for the D and S states are almost mirror images of each other, a seemingly more efficient arrangement.
It is easy to see why the greatest sarcomere movement occurs at the first quartile point through the wall. Two factors must be considered: (1) a midwall fiber is oriented more circumferentially than is one at the endocardium and will participate more fully in the predominantly circumferential contraction that normally characterizes ejection, and (2) a point at midwall lies further from the Z axis than does one at the endocardium and will participate less fully in the radially inward motion of the wall during ejection. These two factors which are functions of radial position in the wall follow opposite courses. Maximum fiber shortening is a trade-off that must occur somewhere between the two points. Hence, this pattern of shortening is a reasonable one that gives food for thought. Figure 12 , the calculated sarcomere length distribution across both the confocal and the nonconfocal wall is shown for latitudes that asymptotically approach the apex. There is little difference between the two ways of representing the ellipsoids. Again, at f t = 0.99, a calculated curve appears which has no experimental support. It reveals that an endocardial sarcomere at the end of normal ejection has been shortened to a length which is less than that of the myosin filament and less than Hort's endocardial sarcomere in rigor (5); this pattern deviates peculiarly from that at other latitudes. As with the fiber angles calculated at /, = 0.99, the sarcomere length equations appear to be pushing the wall model beyond its limits of credibility. In fact, the earlier speculation that this limit might even be at fj = 0.9 receives support from the reversed trend seen in the sarcomere length curve for that latitude.
Limitations of Wall Model-In
ADVANTAGES OF WALL MODEL
The left ventricular wall, modeled as a nested set of confocal or nonconfocal ellipsoidal shells, has been shown to approximate the real left ventricular wall in the region that extends from the equator to within 90% of the Z distance (measured from the equatorial plane to the apex). This approximation permits numerical estimates to be made of a fiber angle and sarcomere length in the left ventricular wall, anywhere except at the apex, when (1) these values are known at another instant, (2) the semiaxes are defined for the truncated ellipsoid of revolution on which the fiber lies at each instant, and (3) the latitude of the wall site is defined.
The Postulate.-The ellipsoid model serves as a convenient, compatible (1) vehicle for testing a postulate for the heart wall: in the beating heart, each muscle fiber changes direction and length uniquely as the wall changes shape. While uniqueness has not been demonstrated, the postulated changes in fiber angle and sarcomere length have been demonstrated and the changes in sarcomere length have been verified at five points in the left ventricular wall. The differences in measured fiber angles at end-diastole and end-systole have not yet been shown to be significant (4, 5) . It is suggested that such demonstrations be extended to cases in which more opportunities exist for testing for uniqueness. It is also suggested that other models be developed for testing this uniqueness to permit apical fiber orientations and sarcomere lengths to be demonstrated and tested.
